The epithelial-mesenchymal transition (EMT) plays an important role in breast cancer metastasis, especially in the most aggressive and lethal subtype, "triple-negative breast cancer" (TNBC). Here, we report that CD146 is a unique activator of EMTs and significantly correlates with TNBC. In epithelial breast cancer cells, overexpression of CD146 down-regulated epithelial markers and up-regulated mesenchymal markers, significantly promoted cell migration and invasion, and induced cancer stem cell-like properties. We further found that RhoA pathways positively regulated CD146-induced EMTs via the key EMT transcriptional factor Slug.
The epithelial-mesenchymal transition (EMT) plays an important role in breast cancer metastasis, especially in the most aggressive and lethal subtype, "triple-negative breast cancer" (TNBC). Here, we report that CD146 is a unique activator of EMTs and significantly correlates with TNBC. In epithelial breast cancer cells, overexpression of CD146 down-regulated epithelial markers and up-regulated mesenchymal markers, significantly promoted cell migration and invasion, and induced cancer stem cell-like properties. We further found that RhoA pathways positively regulated CD146-induced EMTs via the key EMT transcriptional factor Slug.
An orthotopic breast tumor model demonstrated that CD146-overexpressing breast tumors showed a poorly differentiated phenotype and displayed increased tumor invasion and metastasis. We confirmed these findings by conducting an immunohistochemical analysis of 505 human primary breast tumor tissues and found that CD146 expression was significantly associated with high tumor stage, poor prognosis, and TNBC. CD146 was expressed at abnormally high levels (68.9%), and was strongly associated with E-cadherin down-regulation in TNBC samples. Taken together, these findings provide unique evidence that CD146 promotes breast cancer progression by induction of EMTs via the activation of RhoA and up-regulation of Slug. Thus, CD146 could be a therapeutic target for breast cancer, especially for TNBC.
biomarker | F-actin B reast cancer is the most common malignancy and the leading cause of cancer mortality in women worldwide (1) . Death from breast cancer primarily results from cancer cells invading surrounding tissues and metastasizing to distal organs followed by formation of secondary tumors (1) . The epithelial to mesenchymal transition (EMT), a developmental process in which epithelial cells lose polarity and develop a mesenchymal phenotype, has been implicated in the initiation of metastasis (2) .
It is believed that EMTs endow cancer cells with migratory and invasive properties, and induce cancer stem cell (CSC) properties (2, 3) . The primary events of an EMT are the loss of epithelial markers, followed by increased expression of mesenchymal markers, and rearrangement of the cytoskeleton. Previous reports reveal that EMTs can be regulated by several transcription factors, including SIP1, Snail, Slug, and Twist, which inhibit the epithelial phenotype and repress E-cadherin transcription (2, 4) . A number of signal pathways converge on these transcription factors to induce an EMT, including the activation of small GTPases, especially RhoA, which regulates actin cytoskeleton reorganization (5) . Increasing evidences show that in breast cancer, malignant cells undergo an EMT to become motile, especially in the most lethal and aggressive subtype, ER
− triple-negative breast cancer (TNBC) (6) . CD146, also known as MCAM, M-CAM, and MUC18, was first identified as a melanoma-specific cell-adhesion molecule (7) . Our previous findings have showed that CD146 is a marker for tumor angiogenesis (8) , and that CD146 is important for endothelial cell migration and angiogenesis (9) (10) (11) . We also found that CD146 promotes intermediate trophoblast invasion during pregnancy establishment (12, 13) . In addition to this promigratory function of CD146 in the vascular system and normal development, CD146 has been implicated in tumor progression of several cancers, including melanoma (7), prostate cancer (14) , epithelial ovarian cancer (15) , and breast cancer (16) , although the underlying mechanism is not very clear.
In this study, we set out to investigate the function of CD146 in breast cancer and its underlying mechanism. We first demonstrated that CD146 is a unique activator of EMTs in human breast cancer cells. We further explored the mechanism that mediates CD146-induced EMTs and assessed the function of CD146 in breast cancer progression in vivo using an orthotopic breast cancer model and human primary breast tumor tissues. These observations demonstrate that CD146 promotes breast cancer progression and may thus be a therapeutic target for breast cancer.
Results

CD146 Induces EMTs in Human Breast
Cancer Cells. To investigate the role of CD146 in breast cancer progression, we overexpressed Flag-tagged CD146 in the human breast cancer cell line MCF-7, which does not express CD146 (16) . We generated three stable cell clines from MCF-7, expressing CD146 at different levels. As shown by FACS analysis (Fig. 1A) and immunoblotting (Fig. 1C) , the MCF-7-Mock clone (Mock), transfected with a blank vector, maintained a CD146 − status, but CD146 clones MCF-7-B10 (B10) and MCF-7-A5 (A5) expressed CD146 at moderate and high levels, respectively.
The characteristic morphological changes associated with EMTs were observed in CD146 clones (Fig. 1B) . Mock cells maintained their cobblestone-like phenotype with strong cell-cell adhesion, whereas A5 cells, which had the highest CD146 expression, had an elongated fibroblast-like morphology, and pronounced cellular scattering. B10 cells, which had moderate CD146 expression, grew into cell clusters with looser cell-cell contacts, resembling a transition phenotype between Mock and A5 cells.
We next examined EMT markers in the three cells at both the protein and mRNA levels. As shown in Fig. 1C and Fig. S1 , epithelial markers E-cadherin and cytokeratin were significantly decreased in B10 cells compared with Mock cells, and were not detected in A5 cells. In contrast, mesenchymal markers vimentin and fibronectin were gradually induced in B10 and A5 cells. These observations were also confirmed by immunofluoresence (Fig. 1D ). In addition, compared with the peripheral F-actin staining in Mock and B10 cells, A5 cells showed significantly increased formation of central stress fibers by F-actin rearrangement, indicating that the intermediate filaments in A5 cells had reformed to a mesenchymal format.
The characteristic features of cells that have undergone an EMT are their dramatically increased migratory and invasive behaviors. As shown in Fig. 1 E and F, increased expression of CD146, especially in A5 cells, significantly induced a higher level of migration and invasion through Matrigel, whereas little migration or invasion was observed in Mock cells.
To verify whether these changes associated with EMTs were specifically induced by CD146, we down-regulated CD146 expression in A5 cells using siRNAs. As shown in Fig. S2A , CD146 expression in A5 cells transfected with siRNAs targeting CD146 was markedly decreased to one-quarter of that of the control transfected with siRNAs targeting GFP. We further observed that CD146 silencing decreased the level of mesenchymal markers vimentin and fibronectin and increased the level of the epithelial marker E-cadherin. Consistent with these changes in EMT markers, some A5 cells reverted to grow into tight cell clusters after CD146 silencing; cell migration and invasion were also significantly inhibited (Fig. S2 B-D) . Taken together, changes in morphology, EMT marker, and cell migration and invasion after CD146 silencing demonstrate that CD146 underlies the EMTs in A5 cells.
To determine whether CD146-induced EMTs were cell typespecific or not, we expressed CD146 in the CD146 − MadinDarby canine kidney (MDCK) cells, a cell model for EMT study. Similar to the results obtained in MCF-7 cells, changes in morphology, EMT markers, and cell migration and invasion were observed in CD146 clone MDCK-B7 cells (Fig. S3) , strongly demonstrating that CD146 is a unique EMT inducer. high phenotype. These results imply that CD146 expression leads to gradual down-regulation of CD24, whereas its impact on CD44 expression seems more complex. Mammosphere formation assay showed an increase in both the size and number of mammospheres in A5 (P < 0.05) and B10 cells compared with Mock cells (Fig. 2 B and C) . These observations indicate that CD146 triggers the expression of cellsurface markers and functional characteristics associated with CSCs, an important feature recently defined for inducers of EMTs.
RhoA Activation and Slug Up-Regulation Mediate CD146-Induced EMTs. Because we observed significant alterations of F-actin cytoskeleton in A5 cells, we further examined the activity of Rho GTPases, including RhoA, Rac1, and Cdc42, in our cell lines. These GTPases have been found to play important roles in mediating cytoskeleton rearrangements (17) . We found that the active form of RhoA (GTP-RhoA) was dramatically increased in A5 cells compared with Mock and B10 cells (Fig. 3A, Upper) , whereas the active forms of Rac1 (GTP-Rac1) and Cdc42 (GTPCdc42) were unchanged (Fig. S4A ). CD146 silencing efficiently decreased the level of GTP-RhoA in A5 cells (Fig. 3A, Lower) , suggesting that RhoA acts downstream of signal pathways induced by CD146 overexpression in A5 cells.
To further determine whether RhoA directly mediates CD146-induced EMTs, we used exoenzyme C3 transferase, a specific inhibitor of Rho, to inhibit RhoA activity in A5 cells. We observed that inhibition of RhoA activity in A5 cells increased expression of E-cadherin and decreased expression of vimentin and fibronectin, although it had no effect on CD146 expression (Fig.  3B) . Consistent with the changes in EMT markers, A5 cells became less fibroblastic and less dispersed, their migratory and invasive behaviors were also significantly inhibited ( Fig. 3 C and  D) , suggesting that RhoA activation is responsible for CD146-induced EMTs.
Loss of E-cadherin expression is the key event leading to the disruption of tight cell-cell contacts and the triggering of EMTs (18) . A number of signal pathways associated with EMTs converge on transcription factors SIP1, Snail, Slug, and Twist to inhibit E-cadherin transcription. Because E-cadherin transcripts were decreased in B10 and A5 cells (Fig. S1) , we wondered which transcription factors contributed to these changes. RT-PCR and immunoblotting (Fig. 3E) showed that Slug was gradually increased in Mock, B10, and A5 cells, and expressed at the highest level in A5 cells that showed the highest CD146 expression and the lowest E-cadherin expression. However, SIP1 was unchanged, Snail was undetected in A5 cells, and Twist was slightly increased compared with Mock cells, whose expressions were all not correlated with CD146 expression in the three cells (Fig. S4B ). More importantly, CD146 silencing or RhoA inhibition by exoenzyme C3 transferase in A5 cells significantly decreased the level of Slug (Fig. 3F) , suggesting that Slug is downstream of RhoA in CD146-induced EMTs and is positively regulated by CD146 expression and RhoA activation.
Taken together, these results demonstrate that CD146 overexpression contributes to the activation of RhoA, which induces F-actin cytoskeleton rearrangements and Slug expression. Slug subsequently inhibits E-cadherin transcription, resulting in decreased expression of E-cadherin and disruption of tight cell-cell contacts, and eventually leads to EMTs in MCF-7 cells. breast cancer cell lines, MDA-MB-231 and Hs578T (19) . As anticipated, CD146 expression was much higher in these two cells than in MCF-7 cells (Fig. 4A) . They also expressed mesenchymal markers vimentin, fibronectin, and Slug, but the epithelial marker E-cadherin was lower or could not be detected.
We next down-regulated CD146 expression in MDA-MB-231 cells with siRNAs targeting CD146; siRNAs targeting GFP were used as control. As shown in Fig. 4B , CD146 expression dramatically decreased to about 50% of that of the control. Consequently, the epithelial marker E-cadherin was up-regulated, the mesenchymal markers vimentin, fibronectin, and Slug were down-regulated. We observed that MDA-MB-231 cells with reduced CD146 expression partly lost their fibroblastic phenotype and grew into tight cell clusters, their migratory and invasive behaviors were also significantly inhibited (Fig. 4 C-F) . Similar results were also obtained in Hs578T cells transfected with siRNAs targeting CD146 (Fig. S5) , suggesting that CD146 contributes to the invasive behaviors of the mesenchymal breast cancer cells.
CD146 Promotes Tumor Invasion in Vivo.
We then addressed the key question that whether CD146-induced EMTs increase tumor invasion in vivo. We implanted Mock and A5 cells into the mammary fat pads of SCID/Beige mice and terminated the experiment at week 10 postimplantation. As shown in Fig. 5A , 80% of the mice implanted with A5 cells developed tumors, compared with only 30% of the mice implanted with Mock cells. Moreover, the average volume of A5 tumors was much higher than that of Mock tumors, suggesting that CD146 significantly promotes breast tumorigenesis and growth in the orthotopic breast cancer model.
We first confirmed that A5 and Mock tumors continued to maintain their mesenchymal or epithelial phenotypes in vivo. As shown in Fig. S6A , A5 tumors maintained a high level of Flagtagged CD146 expression even at week 10 postimplantation, whereas Mock tumors showed no CD146 expression. A5 tumors were positive for vimentin, but Mock tumors were positive for Ecadherin. Furthermore, there were significant differences between Mock and A5 tumors in cytology and growth pattern (Fig.  5B) . The cells of Mock tumors were normal in appearance and developed into focal tubules, showing a well-differentiated pattern. However, A5 tumors were composed of irregular cells with larger, more prominent nucleoli, indicating a poorly differentiated phenotype that corresponds to a higher histological grade and poorer prognosis in human breast cancer.
Next we examined Mock and A5 tumors and corresponding neighboring tissues to evaluate tumor invasion. As anticipated, Mock tumors were tightly surrounded by fibrotic capsules, indicating their noninvasive phenotype (Fig. 5C, a and b) . In contrast, A5 tumors showed apparent local invasion, with small aggregates of tumor cells invading into the adjacent stroma (Fig.  5C, c and d) , muscle (Fig. 5C, e) , skin, fat tissue, and ribs (Fig.  S6B) . We observed that A5 cells apparently invaded into blood vessels on the edge of the tumor mass (Fig. 5C, f) , indicating possible metastasis. Taken together, our results show that overexpression of CD146 confers an invasive phenotype on noninvasive MCF-7 cells.
To determine whether CD146-induced EMTs would affect tumor angiogenesis, we performed immunofluorescence staining with CD31 for endothelial cells and Flag for tumor cells. We found that the invasion fronts of A5 tumors exhibited a much higher level of angiogenesis in contrast with Mock tumors, although there was no significant difference in vessel density in the center of these tumors (Fig. S6 C-E) . We observed that new vessels were accompanied by islands of A5 tumor cells that had invaded into the stroma, indicating that CD146-expressing tumors induce further angiogenesis, facilitating tumor invasion and metastasis. Metastases in the lungs and livers of mice carrying tumors were confirmed by H&E and immunohistochemical staining for Flag and CD146 (Fig. 6 B and C) . On average, we found six micrometastases per 5-μm section in lungs, and four micrometastases in livers from mice carrying A5 tumors, in stark contrast to no micrometastases in the lungs and livers from mice carrying Mock tumors.
In summary, 80% of mice that carrying A5 tumors exhibited numerous lung metastases and 30% of these mice displayed apparent liver metastasis, whereas no lung and liver metastases were found in the mice carrying Mock tumors (Fig. 6D ).These observations demonstrate that CD146 strongly promotes breast cancer metastasis in vivo.
CD146 Is Significantly Associated with TNBC. A critical question raised from our in vitro and in vivo data was whether CD146 expression clinically correlated with human breast cancer progression. To address this issue, we performed immunohistochemistry to detect CD146 expression in 505 human primary breast cancers. Although only 35% of tumors were positive for CD146 staining, CD146 expression was significantly associated with advanced tumor grade, with a positive status for K i -67, and with poor prognosis in breast cancer (Tables S1 and S2) . Furthermore, there was significant correlation between CD146 + tumors and a shorter progression-free survival or overall survival (Fig. S7 ). These observations demonstrate that CD146 expression significantly correlates with invasive breast cancer.
Interestingly, we observed abnormally high expression of CD146 in TNBC, the most aggressive breast cancer with EMT- like features. As shown in Fig. 7A , there was a striking correlation between CD146 expression and the triple-negative phenotype (P < 0.001). Of TNBC samples, 68.9% were CD146 + , in contrast to 21.2% in non-TNBC samples. CD146 expression was also significantly correlated with ER-, PR-, and HER2-negative status (P < 0.001), respectively.
To investigate whether the abnormally high expression of CD146 in TNBC accounts for its EMT-like features, we further analyzed correlations between CD146 and E-cadherin expression in 90 TNBC samples. As shown in Fig. 7B, CD146 was frequently expressed at the leading edge of invasion. CD146 + TNBC samples tended to be either E-cadherin-negative or to express Ecadherin in the cytoplasm. In contrast, CD146
− TNBC samples expressed E-cadherin in membranes, the normal expression pattern for E-cadherin. CD146 expression was significantly associated with a reduction of E-cadherin in TNBC samples (P = 0.01). These clinical data are consistent with our observations in cell cultures and the orthotopic breast cancer mouse model, demonstrating the pathological relevance of CD146 in the regulation of EMTs.
Discussion
In this study, we are unique in demonstrating that CD146 is a regulator of the EMTs in breast cancer progression. We confirm this finding by providing the following evidence. First, CD146 overexpression in noninvasive epithelial breast cancer cells represses the epithelial phenotype, induces a mesenchymal phenotype, and dramatically increases migratory and invasive behaviors and CSC-like properties. Second, CD146 down-regulation in invasive mesenchymal breast cancer cells reverses their malignant phenotypes. Third, CD146 induces tumorigenesis and a poorly differentiated phenotype, and promotes tumor invasion and metastasis in an orthotropic breast cancer mouse model. Finally, by examining 505 human primary breast cancer tissues, we found that CD146 expression is significantly associated with high tumor stage, poor prognosis, and TNBC, providing pathological support for our in vitro and animal studies. Our studies are consistent with a recent report describing a significant correlation between CD146 expression and invasive breast cancer (16) , and have assessed the mechanism underlying this correlation.
Another important objective of this study was to clarify the molecular mechanism underlying CD146-induced EMTs. First, we found that the small GTPase RhoA is activated in CD146-overexpressing cells, and we further demonstrated that activation of RhoA is responsible for CD146-induced EMTs rather than being a consequence of them. Previous reports have shown that RhoA activation results in disruptions of cell-cell adhesion and EMTs in TGF-β1-stimulated mammary epithelial cells (20) , colon carcinoma cells (21) , and podoplanin-overexpressing MDCK cells (22) . Second, we observed that CD146-induced EMTs increase Slug expression, whereas other transcriptional factors SIP1, Snail, and Twist were not correlated with CD146 expression. Slug is a member of the Snail family, and it is both necessary and sufficient to repress E-cadherin transcription and trigger the EMT process in breast cancer (23) . We demonstrate that both CD146 silencing and RhoA inhibition in CD146-overexpressing cells significantly decreased Slug expression. A previous report shows that Slug down-regulation is sufficient to restore E-cadherin expression in breast epithelial cells (24) . Third, the fact that CD146 is able to activate RhoA without affecting Rac1 and Cdc42 activity suggests a direct link between CD146 and RhoA. Our data show that CD146 physically interacts with ERM proteins and then recruits RhoGDI1 via the phosphorylated ERM proteins, and finally induces RhoA activation in melanoma cells (25) , providing evidence for this function of CD146 in breast cancer cells. However, unraveling the detailed signaling pathways involved in RhoA and the CD146-induced EMTs will require further research.
Our studies on the role of CD146 in breast cancer progression have promising clinical implications. Foremost, our findings indicate that CD146 could be a unique therapeutic target, with particular relevance to clinically aggressive TNBC. TNBC is the most lethal subtype for its high incidence of metastasis and resistance to current targeted therapies (26) . As EMTs account for the aggressiveness and stemness of TNBC, targeting the EMTlike phenotype becomes a unique strategy for TNBC treatment. Our results have shown that CD146 is expressed at abnormally high levels and is associated with a reduction of E-cadherin in TNBC. CD146 silencing in the so-called "TNBC cell line" MDA-MB-231 partly reverses its mesenchymal phenotype, implying that CD146-induced EMTs partially explain the mesenchymal and malignant characteristics of TNBC. In addition, increasing evidences support the critical role played by tumor angiogenesis in breast cancer progression (26) . Because CD146 has also been proposed as a marker for tumor angiogenesis (8) , targeting CD146 would have a double role, targeting the mesenchymal phenotype and tumor angiogenesis at the same time, thus will be a promising strategy in TNBC treatment.
Although previous reports have shown that CD146 significantly correlates with advanced tumor stage in malignant melanoma (13), prostate cancer (14) , epithelial ovarian cancer (15) , and mesothelioma (27, 28) , little is known about the underlying mechanisms. Here, we report a unique role for CD146; the induction of EMTs to promote breast cancer progression. As the EMT is regarded as a mechanism that is conserved in developmental processes and the progression of pathological diseases (2), we wonder whether CD146-induced EMTs might play a role in tumor progression in other CD146-positive cancers. A previous report showed a negative correlation between CD146 and E-cadherin expression in prostate cancer cell lines (29) , implying that CD146-induced EMTs are not limited to breast cancer and might have a role in various types of cancers. More studies are needed to confirm the implication.
In conclusion, we demonstrate that CD146 plays a critical role in promoting breast cancer progression by up-regulating active RhoA and Slug to promote EMTs. Furthermore, the striking correlation between abnormally high CD146 expression and TNBC at least partially explains its role as an EMT inducer in the most aggressive breast cancer. Thus, CD146 can be used as a potential therapeutic target for breast cancer, especially for TNBC.
Materials and Methods
Reagents, cell lines, and transfections are listed in SI Materials and Methods. In vitro migration and invasion assays, immunofluoresence, mammosphere assay, and RohA activity assay were conducted using standard procedures detailed in SI Materials and Methods. Construction of orthotopic breast cancer animal models and collection of clinical samples followed established procedures described in SI Materials and Methods. expression and E-cadherin in TNBC (Lower). Only membrane expression of Ecadherin was considered to be positive. The Pearson χ 2 test was used to determine correlations. P < 0.05 were considered significant. (Scale bars, 100 μm.)
